Cytochrome cd of Alcaligenes faecalis, which has been found to be a nitrite reductase, was found to have a NO-reducing activity which converts NO to NjO, when ascorbate-phenazine methosulfate was used as an electron donor system. Some characteristics of the reduction of NO by cytochrome cd were examined, comparing with those by' the particulate-bound NO-reductase.
It was demonstrated that nitrite was reduced to Ns through NO and N t O by Alcaligenes faecalis (1) . The enzyme which catalyzes the reduction of nitrite to NO was purified and characterized to be a type of cytochrome cd (2) , as in Pseudomonas aeruginosa (3) and in Micrococcus denitrificans {4). Most of the Alcaligenes NO reductase** which catalyzes the reduction of NO to NiO was shown to be particulate-bound, though a little of NO-reduc-* Present address: Biological Laboratory, Department of General Education, Nagoya University, Chikusa-ku, Nagoya. ** An enzyme which is different from an [EC 1. 7. 99. 2] enzyme, which catalyzes the reduction of NO to nitrogen gas. ing activity was found in a soluble fraction (1) .
In this work, we purified the "NO reductase" involved in the soluble fraction and found that it was cytochrome cd. Some characteristics of the reduction of NO to NiO by cytochrome cd were examined, comparing with the NO reductase in the particulate fraction.
MATERIALS AND METHODS
Microorganism-Alcaligenes faecalis IAM 1015 was grown anaerobically in a medium containing KNO 3 as previously reported (/, 2). After anaerobic incubation for 22 hr at 30°C, cells were harvested and washed with 0.85% NaCl to obtain resting cells.
Preparation of Lyophilized Particulate
Fraction-Resting cells were suspended in 4 volumes of 0.05 M potassium phosphate buffer (pH 7.0). The cells were disrupted by sonic oscillation (10 kc) for 15 min at a low temperature and the debris was removed by centrifugation at 20,000 X g for 30 min and the crude extracts thus obtained were centrifuged at 105,000X0 for 90 min. The precipitate was washed twice with 0.05 M phosphate buffer (pH 7.0) and once with distilled water by the centrifugation. The washed particulate fraction (intact particulate fraction) was suspended in a small quantity of water and lyophilized with an lyophilization apparatus using acetonedry ice. The particulate fraction lyophilized was kept in a desiccator in a deep freezer (-25°C) until use.
The powder of lyophilized particulate fraction was suspended in distilled water (10 mg powder/ml) and used for the experiments. The NO-reducing activity by this lyophilized particulate fraction was stable for more than 10 months, when the activity was assayed using ascorbate-phenazine methosulfate as an electron donor system.
Determinations of NO-and Nitrite-reducing Activities and the Products-The rates of the reduction of nitrite and NO by the enzyme were measured by the conventional Warburg manometry as the rates of gas formation from nitrite and NO-uptake, using ascorbate-phenazine methosulfate as an electron donor system. NO uptake measured by manometry is an apparent one, since the reaction, 2NO + 2H-*N,O+H,O, takes place. Reaction mix-'ture for the reduction of NO was as follows; 20 mM sodium ascorbate 0.15 ml and 2mM phenazine methosulfate 0.15 ml in a side arm, enzyme solution 0.5 ml or 0.1ml, 0.5 M phosphate buffer or acetate buffer 0.3 ml in a main cup, total volume 3.0 ml, 20% KOH 0.2 ml in a center well, 10% of NO and 90% of He, or various mixture of NO and He in the gas phase. Temperature was 30°C. Reaction mixture for the nitrite reduction was the same as that for NO reduction except addition of nitrite (0.1 M NaNO, 0.3 ml) in a main cup and the gas phase was He.
The product of the enzymatic reaction was analyzed by manometry and gas chromatography, as previously reported ( / ). The gas chromatographical condition was as follows; column was filled with Silica Gel 1 ml, carrier gas He, flow rate 60 ml/min, column temperature 30°C and bridge current 180 mA. To obtain enough gases for analyses by gas chromatography, manometry was carried out using a bigger vessel in which 6 ml of reaction mixture were contained.
Other Analytical Methods -Absorption spectra were measured by a Hitachi EPS-3 recording spectrophotometer with 1 cm-light path cuvettes.
Quantitative determination of copper was carried out using a Hitachi 207 atomic absorption spectrophotometer. Standard solution of Cu was purchased from Daiichi Pure Chemicals Co.
Protein was determined by the method of Lowry et al. (5) using bovine serum albumin as the standard.
Content of cytochrome cd was calculated from the millimolar extinction coefficient of oxidized form of cytochrome cd reported previously (2) .
Nitric oxide was prepared by the method of Fernelius (6~). The purity was more than 99.9%. Helium was purchased from Teikoku Sanso Co., Ltd.
Hydroxylapatite was prepared by the method of Tiselius et al. (7) .
RESULTS

Purification of " NO-reductase" in the Soluble Fraction and Related Experiments-
The activity of the reduction of NO to N t O existed in Fraction III which was obtained from 105,000 X0 supernatant by ammonium sulfate precipitation between 60 and 100% saturation, as reported previously (1) . In this work, purification of "NO-reductase" present in soluble fraction was performed as follows; Resting cells harvested were suspended in 0.1 M phosphate buffer (pH 7.0), followed by addition of saturated (NH^iSO* solution neutralized with NH 4 OH to give 50% saturation with respect to (NH^iSO*. This suspension was subjected to sonic oscillation (10 kc) for 20 min and stood in a cold room (4°C) for 1-2hr, followed by centrifugation at 20,000 Xj for 30 min. To the clear supernatant containing cytochrome cd, was solid (NH 4 ),SO« added to be 100% saturation and the precipitate was obtained by centrifugation at 20,000 X g for 30 min. The precipitate was dissolved in distilled water, followed by dialysis against distilled water. The dialyzed preparation was called "crude preparation." The activity of the reduction of NO to NjO by crude preparation was about 20-30 /A NO-uptake (apparent)/hr/ mg protein at pH 7.0 in the gas phase of 10% NO. The product was N t O as reported previously (1). A similar activity existed in a fraction which was obtained from the supernatant at 105,000X0 for 90 min as mentioned above by the ammonium sulfate precipitation between 50 and 100% saturation.
The crude preparation was applied to a column of Amberlite CG-50 which had been equilibrated with 0.01 M ammonium phosphate buffer (pH 6.0). The column was washed with 0.01 M ammonium phosphate buffer pH 6.8, followed by elution with 2 M ammonium phosphate buffer pH 6.8. The elution pattern is shown in Fig. 1 . The activity of the reduction of NO to NiO existed in the eluate of 2 M ammonium phosphate buffer, in which a large amount of cytochrome cd and a small amount of cytochrome o557(551) ( 2) were contained. In the fraction passed through this column, cytochrome c-553 was contained. This fraction had no effect on the reduction of NO. Elution profile of the NO-reducing activity in the soluble fraction eluted from Amberlite CG-50 using 2 M ammonium phosphate buffer, pH 6.8. The crude preparation (ca. 100 ml) was applied to a column of Amberlite CG-50 (05 cm, h7cm) at pH 6.0. The figure show3 the pattern of the fractions passed through the column (a) and the elution pattern by 2 M ammonium phosphate buffer, pH 6.8 (b). The volume of each fraction was 10 ml. The activity of apparent NO uptake was measured by manometry. Reaction mixture was as follows; side arm, 20 mM Na ascorbate 0.15 ml and 2mM phenazine methosulfate 0.15 ml; main cup, 0.5 ml of each fraction, 0.5 M phosphate buffer (pH 7.0) 0.3 ml; total volume, 3.0 ml; gas phase, 10% NO and 90% He; center well, 20% KOH 0.2ml. NO uptake measured by manometry was an apparent one, since the reaction, 2NO + 2H
• N,O + HiO, takes place.
•, absorption at 280 m/i; O, absorption at 400 m//; A, apparent NO uptake.
Vol. 72, No. 1, 1972 The "NO reductase fraction" obtained by Amberlite CG-50 column chromatography were combined and concentrated with ammonium sulfate precipitation (100?& saturation) and the solution was dialyzed. The dialyzed sample was introduced into a Sephadex G-150 (superfine) column equilibrated with 0.05 M phosphate buffer (pH 7.0). The NO-reducing activity coincided clearly with the peak of cytochrome cd and with the nitrite reductase activity (mol. wt. =90,000) (2)) (Fig. 2) . The purity of cytochrome cd (i4°J2 idiied /-AMo) was about 1.1 at the peak, which showed that cytochrome cd was about 90% pure since the ratio of the pure cytochrome cd was 1.2 (2) . Fraction of number 54 tube in Fig. 2 contained a small amount of cytochrome c-557 (551), and a minor component of cytochrome cd which has slightly different absorption spectra from those of major cytochrome cd was present in number 56 tube.
Fractions which had high NO-reducing activity obtained by Sephadex gel filtration procedure were combined, concentrated, and dialyzed with a collodion bag (Sartorius membrane filter GmbH, Germany). The dialyzed sample was introduced into a hydroxylapatite column. After the column was washed with 0.05 M phosphate buffer pH 6.8, elution was carried out using a linear gradient of 0.05-0.5 M phosphate buffer pH 6.8. As shown in Fig.  3 , the peak of the NO-reducing activity coincided with the peak of cytochrome cd. Moreover the ratio, A^i iltd I'A^, was 1.2 at and after number 57 tube, which shows that cytochrome cd is pure and has the NO-reducing activity. It was found by atomic absorption spectrophotometry that fractions separated from cytochrome cd by this chromatography contained a Cu-protein (Fig. 3) . Flavoproteinlike substance(s), which was isolated later during the purification procedure of the Cuprotein and identified spectrophotometrically, was also removed from cytochrome cd by this chromatography. The Cu-protein was further purified by repeated hydroxylapatite and DEAEcellulose column chromatography, and it was found that the color of the solution thus obtained was pink with a blue tint and absorption maxima of the oxidized form of this protein were at 283, (360), (490), 540, (630), and 50 55 60 FRACTION NO. Fig. 2 . Elution profile of the NO-reducing activity and nitrite reducing activity on a Sephadex G-15O (superfine) column. The sample (5 ml) was introduced into a Sephadex G-150 (superfine) column (05cm, h30cm) equilibrated with 0.05 M phosphate buffer (pH 7.0). The volume of each fraction waa 5 ml. Activities of the nitrite reduction and apparent NO uptake were measured by manometry. Reaction mixture for the determination of apparent NO uptake was the same as that in Fig. 1 . Reaction mixture for the determination of the nitrite reduction was as follows; side arm, 20mM Na ascorbate 0.15 ml and 2mM phenazine methosulfate 0.15 ml; main cup, 0.1ml of each fraction or diluted fraction, 0.5 M phosphate buffer (pH 7.0) 0.3 ml, 0.1 M NaNOi 0.3ml; total volume, 3.0ml; gas phase, He; center well, 20% KOH 0.2 ml. -•-, absorption at 280m/i; O, absorption at 410m/i; --•--, 640m/* absorption of a-band of a r like haem of oxidized cytochrome cd at 640 m/i; A, nitrite-reducing activity; A, apparent NO uptake. 820 va.fi. There was no absorption maximum in the visible region when it was reduced by dithionite.' This Cu-protein had no effect on the reduction of NO and nitrite by cytochrome /. Biochem. cd when ascorbate-phenazine methosulfate was used as an electron donor system. Further study on the Cu-protein will be reported in a separate article (5) .
Cytochrome cd fractions obtained, of which the ratio (i4J£ diied /i4 M <>) was 1.2, were combined, concentrated with a collodion bag and used in the following experiments as purified cytochrome cd.
Product of the Reduction of NO by Purified Cytochrome cd-N t O was stoichiometrically produced .from NO by purified cytochrome cd using ascorbate-;phenazine methosulfate as an electron donor system at pH 7.0 (Fig. 4) . NOuptake measured by manometry is an apparent value because of one mole production of N S O from two moles of NO. The net NO-uptake should be twice of the value measured by manometry. Then the specific activity was estimated to be about 500 [A NO-uptake or 250 fi\ NjO-output/hr/mg of cytochrome cd, at pH 7.0 under 10% of NO in the gas phase of a reaction vessel.
The activity of the reduction of nitrite by cytochrome cd using ascorbate-phenazine methosulfate was very high, that is, about 40,000 [A NO-output/hr/mg of cytochrome cd. The production of NiO from nitrite by cytochrome cd was negligible as reported ..previously (2) , since the concentration of cytochrome cd used for the determination of nitrite reducing activity by manometry must be very low and Fig. 4 . Production of NiO from NO by purified cytochrome cd. The reaction was measured by manometry and gas chromatography. Reaction mixture was as follows; side arm, 0.4M Na ascorbate 0.15ml and 4mM phenazine methosulfate 0.15 ml; main cup, purified cytochrome cd solution 1.0 ml, 0.5 M phosphate buffer (pH7.0) 0.6 ml; total volume, 6.0 ml, gas phase, 10%. NO and 90% He; center well, 20% KOH 0.2 ml. Gas chromatographical condition was shown in " MATERIALS AND METHODS." •, apparent NO uptake measured by manometry; O, NjO produced measured by gas chromatography. the affinity for NO of cytochrome cd is not high as mentioned below.
Optimum pH-The optimum pH for the reduction of NO to NiO by cytochrome cd, "when ascorbate-phenazine methosulfate was used as an electron donor system, was 5.5 ( Fig. 5) , while that for the nitrite reduction "by cytochrome cd was 7.0. The optimum pH for the reduction of NO by particulate fraction was the same as that by cytochrome cd. How-•ever, the NO-reducing activity of particulate fraction dropped more rapidly at pH higher than 7.
Effect of Concentration of NO-The optimum concentration of NO in the reduction of NO to N 2 O at pH5.5 by particulate fraction was 15% in the gas phase of the reaction vessel which suggests that apparent Michaelis constant for NO was in an order of 0.1 mM, though the curve does not agree with the theoretical one for Michaelis equation. More than 20% of NO in the gas phase resulted in the inhibition of the activity (Fig. 6) . On the other hand, the Fig. 1 except that purified cytochrome cd, particulate fraction, and acetate buffer (pH 5.5) were used, and that the gas phase was filled with mixture of NO and He in several proportion.
velocity of the reduction of NO by cytochrome cd did not fall off even at 60% of NO in the gas phase (Fig. 6) . Perhaps Michaelis constant for NO should be in an order of 1 mM.
Effect of Inhibitors-There was no effective inhibitors for the reduction of nitrite and NO by cytochrome cd, as far as examined. Cyanide at 0.1 mM inhibited slightly the reduction of NO, while it did not inhibit the reduction of nitrite by cytochrome cd (Table I ). The reduction of NO by particulate fraction, however, was inhibited fairly by cyanide, azide, and sodium diethyldithiocarbamate.
Effect of {NH<)iS04-and Acetone-treatments on the NO-reducing Activity in Particulate Fraction-Lyophilized particulate fraction was suspended in 0.05 M phosphate buffer (pH7.0) which contained (NHJtSO* at 50% saturation, followed by sonic oscillation (10 kc) for 20 min. This sonicated suspension was centrifuged at 20,000 X g for 30 min. Yellowishred supernatant and red-brown precipitate were obtained. The precipitate was washed with 0.1 M phosphate buffer (pH 7.0) by centrifugation to obtain the "(NH^jSOrtreated particulate fraction." The NO-reducing activity in this fraction was about two-fold higher than TABLE I. Effect of inhibitors on the reduction of NO by cytochrome cd and particulate fraction, and on the reduction of nitrite by cytochrome cd. Activity was measured by manometry. Reaction mixtures were the same as those in Figs. 1 and 2 except that, in place of crude preparation, purified cytochrome cd was used; Acetate buffer was used for the experiments at pH5.5; the indicated concentrations of the various inhibitors were added. The method of preparation of particulate fraction was shown in the text. The reaction mixture was the same as that in Fig. 1 except that particulate fraction was used as the enzyme preparation, and that acetate buffer was used at pH5.5.
Lyophilized particle (NHOjSOj-treated particle^ and acetone-treated particle that in lyophilized particulate fraction (Table  II) . There was no nitrite-reducing activity in the particulate fraction, and no spectral feature of cytochrome cd. Unlike the Pseudomonas NO reductase which has been shown to be stable by acetone-treatment (9), the NOreductase activity decreased considerably, when the (NH«)tSO 4 -treated particulate fraction was treated and dried by cold acetone (-20°C). This is called "(NH 4 )tSO*-and acetone-treated particulate fraction." The (NH^O*-and acetone-treated particulate fraction was suspended in 0.1 M phosphate buffer (pH 7.0) and centrifuged to remove soluble substances. Yellowish-red soluble substances thus obtained, which contained a c-type cytochrome, had no activity of the reduction of NO and stimulating effect of the activity of particulate fraction. The NO-reducing activity remained on the particles as before (Table II) .
DISCUSSION
It was reported previously that the NO-reductase activity of Alcaligenes faecalis existed mostly in the particulate fraction and a part of it was involved in the soluble fraction (i).
In the present work, it was found that the enzyme in the soluble fraction which catalyzed the reduction of NO to N t O was cytochrome cd when ascorbate-phenazine methosulfate was used as an artificial electron donor system. Some properties of the reduction of NO by cytochrome cd were examined, comparing with the particulate-bound NO reductase activity. Optimum pH for the reduction of NOby cytochrome cd was the same as that by the particulate-bound enzyme, but the activity by the latter dropped more rapidly at pH higher than 7. Affinity for NO and effects of inhibi-tors were completely different from each other. Furthermore, cytochrome cd was not found spectrophotometrically and no nitrite reductase activity was present in the particulate fraction. We concluded that the NO-reductase in the particulate fraction is not cytochrome cd.
The two heme nitrite reductases (cytochrome cd) of Pseudomonas aeruginosa and Micrococcus denitrificans have been shown to have the cytochrome oxidase activities, although they may have no role in the Oj Tespiration of these bacteria since they are not obtained in aerobically-grown organisms <3, 4) .
In this work, the other activity of cytochrome cd, the NO-reductase activity, was demonstrated, using the Alcaligenes cytochrome •cd. The oxidase activity and the NO-reductase activity may have an evolutional significance.
Though cytochrome cd may have no role In the normal dissimilatory nitric oxide reduction by Alcaligenes faecalis, there remains
